Background: Nasopharyngeal carcinoma (NPC) has a distinctive geographic distribution and is characterised by its strong tendency of metastasis. We aimed to examine the microRNA (miRNA) expression profiles in plasma samples of NPC patients to explore their clinical significance in disease development and progression.
urgently needed to identify more effective approaches to monitor and block NPC progression. Previous studies reported that persistently elevated post-treatment plasma Epstein-Barr virus (EBV) DNA level was a robust predictor of relapse in NPC (Lin et al, 2004) . Nevertheless, some issues need to be overcome before the plasma EBV DNA assay can become a universal clinical routine, including discrepancies between different institutes and DNA degradation over time (Le et al, 2005) .
MicroRNAs (miRNAs) are small non-coding RNAs, which inhibit gene expression by interacting with the 3 0 untranslated regions (3 0 UTR) of target mRNAs (Bartel, 2004) . There is a large body of evidence that dysregulation of miRNAs is a hallmark of cancer (Esquela-Kerscher and Slack, 2006) . MicroRNA-expression profiling of human tumours has identified signatures associated with diagnosis, staging, progression, prognosis and response to treatment (Calin and Croce, 2006) . Recent evidences show that circulating miRNAs might have great potential to serve as novel, non-invasive biomarkers for cancer diagnosis, progression and prognosis (Wittmann and Jack, 2010; Cortez et al, 2011) . Although circulating miRNA profiling has been investigated in many cancers, such as lymphoma, breast, prostate, ovarian, pancreatic, gastric, colorectal and lung cancer (Schwarzenbach et al, 2011; Zhang et al, 2012) , rare data are available in NPC. More recently, Zeng et al (2012) reported that the serum four-miRNA-based biomarker model might provide a novel strategy for NPC diagnosis. However, whether circulating miRNAs can be used as prognostic biomarkers in NPC remains unknown. Here, we aimed to examine the miRNA expression profiles in plasma samples of NPC patients to explore their clinical significance in disease development and progression, and provide information for personalised therapy.
MATERIALS AND METHODS
Patients and study design. All blood samples of NPC patients (n ¼ 294) and healthy control subjects (n ¼ 109) were collected from Nanfang Hospital (Southern Medical University, Guangzhou, China) between January 2009 and December 2012. The healthy donors were carefully selected to match the gender and age distribution of NPC patients. None of the patients had received radiotherapy or chemotherapy before blood collecting. The TNM classification for NPC was according to the definitions of the seventh edition of the UICC-American Joint Committee on Cancer staging criteria. Informed consent was obtained from all individuals, and the research protocols were approved by the Ethics Committee of Nanfang Hospital.
The patients received a uniform protocol of image-guided intensity modulated radiotherapy and cisplatin-based concurrent chemotherapy following induction chemotherapy according to the National Comprehensive Cancer Network (NCCN) Guidelines (Version 1. 2012). After the completion of all treatment, patients were followed once every 3 months during the first and second year and every 6 months thereafter. All tumour recurrences and metastases were documented by imaging studies along with pathological verification if the lesions were accessible and the patient agreed.
This study was divided into five stepwise phases (Figure 1 ). In phase I, miRNA expression profiling was performed in a discovery set (comprising 20 NPC patients and 10 healthy donors). Differentially expressed miRNAs were identified, and nine candidate miRNAs with functional or biomarker-related reports were selected for further validation. In phase II, nine candidate miRNAs were validated using quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR) on an independent cohort (comprising 40 NPC patients and 15 healthy donors). We then focused on miR-9, one of the most profoundly reduced miRNAs in all NPC individuals. In phase III, miR-9 levels were subsequently validated in a training set (including 150 NPC patients and 54 control subjects). In phase IV, receiver operating characteristic (ROC) curve-based risk assessment analysis was then performed in a validation set (including 84 NPC patients and 30 control subjects). In phase V, further analysis was conducted in an evaluation set (including 40 NPC patients), who provided paired plasma samples of pre-treatment and 3-month post-treatment in the long-term follow-up study, to explore the temporal trend of miR-9 levels.
Plasma collection, RNA isolation and miRNA microarray analysis. Whole blood (8 ml) was drawn into EDTA-containing tubes and separated into plasma and cellular fractions by centrifugation at 1500 g for 5 min. Total plasma RNA was harvested with the TRIzol LS reagent (Invitrogen, Carlsbad, CA, USA) and the RNeasy Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturers' instructions. In detail, 500 ml plasma was mixed thoroughly with 1.5 ml TRIzol LS reagent, incubated for 5 min at room temperature and subsequently mixed with 400 ml chloroform. The aqueous phase containing RNA was carefully removed, and RNA was precipitated by addition of 100% ethanol. The mixture was applied to an RNeasy Mini spin column and washed several times, and RNA was eluted and stored at À 80 1C until further processing.
Small RNA extracted from the plasma samples were labelled using the miRCURY Hy3/Hy5 Power labelling kit and hybridised on the miRCURY LNA Array (Version 16.0, Exiqon, Vedbaek, Denmark). The threshold value for differentially expressed miRNAs was a fold change 41.5 with a value of Po0.05. The raw and normalised miRNA data were available through GEO accession number GSE48442. The candidate miRNAs were further filtered on the basis of expression levels.
Quantitative reverse transcription-PCR analysis of miRNA expression levels. Quantitative reverse transcription-PCR was used to validate the profiling results. Reverse transcription of the total RNA was performed using NCode miRNA First Strand cDNA Synthesis kit (Invitrogen) according to the manufacturer's protocol. Real-time PCR was performed by using TaqMan miRNA Assay kit (Applied Biosystems Inc., Carlsbad, CA, USA) on an ABI 7500HT System. All reactions were run in triplicate. All samples were normalised to internal control U6 small nuclear RNA and fold changes were calculated through relative quantification (2 À DDCt , Livak and Schmittgen, 2001 ). Significant miRNAs miR-9
Performance of miR-9 (ROC analysis) Figure 1 . The flow chart of the study design. NPC, nasopharyngeal carcinoma; con, control; qRT-PCR, quantitative reverse transcriptionpolymerase chain reaction; ROC, receiver operating characteristic.
Statistical analysis. SPSS 15.0 software was used for statistical analysis (SPSS, Chicago, IL, USA). A Mann-Whitney U-test was performed to identify differentially expressed miRNAs and detect differences of miR-9 levels between NPC and control groups. Characteristics of study participants between the training and validation set were also compared using the Mann-Whitney U-test. The Wilcoxon test was used to compare the paired plasma samples obtained before and after treatment. Significant associations between the miR-9 level and clinicopathological parameters were assessed with a pearson w 2 test. Receiver operating characteristic curve analysis and the area under the curve (AUC) were used to assess the predictive performance of miR-9. Two-sided P-values of o0.05 were considered statistically significant.
RESULTS
Patient characteristics. The characteristics of the study participants were presented in Table 1 and Supplementary Table 1 . There was no significant difference in the distribution of age and gender between the training and validation set. The clinical staging also exhibited no statistically significant difference between the training and validation set.
MicroRNA microarray profiling and validation studies using qRT-PCR. To characterise the miRNA expression signature in NPC patients, we performed microarray analysis. A two-dimensional hierarchical clustering analysis revealed 33 miRNAs that showed significantly altered levels ( Figure 2A ). Among these 33 miRNAs, 5 were downregulated and 28 were upregulated in the plasma of NPC patients (Supplementary Table 2 ). There were five miRNAs, including miR-892b, miR-941, miR-3921, miR-4257 and miR-143-3p, with significantly higher levels in NPC patients than in healthy controls (fold change ¼ 2.0-3.3, Po0.01). In contrast, miR-9-5p (also known as miR-9) was identified as the most profoundly repressed miRNA in NPC patients (fold change ¼ 0.07, P ¼ 0.0144).
To confirm the findings of the miRNA profile, the levels of nine differentially expressed miRNAs were tested using an independent cohort (including 40 NPC patients and 15 healthy volunteers) with qRT-PCR. The relative level of each miRNA was shown in Figure 2B . The results demonstrated a 2.5-fold increase in miR-214-3p, a two-fold increase in miR-3135a and a 90% decrease in the miR-9 level in NPC patients, respectively. Although the levels of miR-92a-2-5p and miR-892b were elevated in miRNA profiling, their levels decreased by 30% and 40% in NPC patients by our qRT-PCR assay, respectively. Among the candidate miRNAs, miR-9 had the lowest level assessed by miRNA profiling and qRT-PCR assay. We then focused on miR-9 in further analysis.
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hsvl in NPC patients as compared with normal control subjects (Po0.001, Figure 3A ). We also found that the miR-9 level was higher in stage 1 patients, whereas stages 2-4 had lower levels, showing a significant correlation of miR-9 level with clinical stages (Po0.001, Figure 3B ). Correlation analysis further demonstrated that low level of miR-9 was positively associated with a more advanced clinical stage of NPC (Table 2) . Remarkably, miR-9 level in the subgroup of metastatic NPC patients (n ¼ 120) was reduced by 50% compared with the group of locoregional NPC patients (n ¼ 30) (Po0.001, Figure 3C ). All these data suggested that loss of miR-9 expression was associated with invasive disease and higher tumour stage.
Validation study of miR-9 as a predictive plasma biomarker for NPC metastasis. We used the data from the training set (which consisted of 120 metastatic and 30 locoregional NPC cases) to construct a ROC curve with an AUC of 0.743 (95% CI ¼ 0.619-0.867, sensitivity ¼ 73.7% and specificity ¼ 74.2%, Supplementary Figure 1) . To test the accuracy of the parameters estimated from the training set, we assayed miR-9 level by qRT-PCR in the validation set (which consisted of 63 metastatic and 21 locoregional NPC cases). Using the previously determined cutoff level, we found that 47 of 63 metastatic NPC cases tested positive (sensitivity ¼ 74.6%), and that 4 of 21 locoregional NPC cases tested positive (specificity ¼ 81.0%).
Dynamic changes of plasma miR-9 level after treatment. The dynamic changes of plasma miR-9 level were detected in an evaluation set (including 40 pre-and 3-month post-treatment paired plasma samples) by qRT-PCR. As shown in Figure 4A , the level of miR-9 in post-treatment plasma was elevated in 37 cases (37 out of 40, 92.5%) compared with that in the pre-treatment sample. Additionally, the level of miR-9 was significantly increased in post-treatment plasma compared with those pre-treatment samples (Po0.001, Figure 4B ). In a typical patient, the level of miR-9 was fluctuating over time. As shown in Figure 4C , there was a prominent increase for miR-9 level with the time distance from treatment completion, and re-reduction of the plasma miR-9 level was found when distant metastasis occurred.
DISCUSSION
The aim of this study was to identify differentially expressed miRNAs in the plasma of NPC patients, and investigate the potential of plasma miRNA as a biomarker for predicting NPC metastasis. We found the significantly declined level of plasma miR-9 in NPC patients through systematic microarray-based screening and two-stage validation. The plasma miR-9 level could distinguish locoregional from metastatic NPC cases and showed a decreasing trend during NPC progression. To the best of our knowledge, this is the first population-based study in exploring the dynamic changes of plasma miRNAs associated with NPC progression in a high-risk area of NPC.
More recently, Zeng et al (2012) performed microarray-based serum miRNA profiling on the serum of 20 NPC patients and 20 non-cancerous individuals as controls. The profiles showed that 39 and 17 miRNAs were exclusively expressed in the serum of noncancerous volunteers and NPC patients, respectively. Followed by qRT-PCR validation, 18 serum miRNAs were identified as differentially expressed miRNAs, including miR-92a, miR-106a, miR-143 and miR-17, which also displayed higher levels in NPC plasma on our array, whereas the striking decline of miR-9 in our study was not observed by them. The partially inconsistent results may reflect the differences in sample types, screening tools or quantification methods. Among the 33 differentially expressed miRNAs, miR-9 had the lowest level assessed by miRNA profiling and qRT-PCR assay. We then focused on miR-9, one of the most profoundly reduced miRNAs in all NPC individuals. In fact, there were many reports of aberrant miR-9 expression in several cancers, suggesting that miR-9 could act as an oncogene or as a tumour suppressor. Upregulation of miR-9 was reported in Hodgkin's lymphoma (Nie et al, 2008) , primary brain tumours (Nass et al, 2009 ) and endometrial cancer (Myatt et al, 2010) , whereas downregulation of miR-9 was observed in cervical (Hu et al, 2010) , colorectal (Bandres et al, 2009 ), non-small-cell lung (Heller et al, 2012) and ovarian cancer ) and in hepatocellular and gastric carcinoma (Luo et al, 2009) . Decreased miR-9 expression was considered as a poor survival marker in cervical cancer (Hu et al, 2010) , lung squamous cell carcinoma (Heller et al, 2012) and acute lymphoblastic leukaemia (Rodriguez-Otero et al, 2011) , and it was also associated with the development of cancer metastasis (Lujambio et al, 2008; Hildebrandt et al, 2010; Ma et al, 2010; Tan et al, 2010) . Moreover, Shigehara et al (2011) examined the human bile miRNAome and identified miR-9 as a potential diagnostic biomarker for biliary tract cancer. However, the role of miR-9 in NPC is largely unknown. To date, only one study has reported that miR-9 modulates the expression of interferonregulated genes and MHC class I molecules in NPC cells (Gao et al, 2013) .
In our current study, we found that plasma miR-9 could distinguish locoregional from metastatic NPC cases with a high sensitivity and specificity. We were also interested in exploring the associations between plasma miR-9 levels and clinical stages of NPC. By comparing miR-9 levels in the plasma of NPC patients with various stages, we found that advanced stage NPC patients had lower plasma miR-9 levels than those with early stage disease. This result revealed that low level of plasma miR-9 in NPC patients was significantly correlated with worse lymphatic invasion and advanced TNM stage. However, the exact reason for this phenomenon is not clear. Kosaka et al (2010) , revealed a secretary machinery of circulating miRNAs and their intercellular transfer, and suggested that these circulating miRNAs might function as a signalling molecule. Further analysis should clarify the origin of extracellular circulating miRNAs and shed light on the causation of the correlations.
By examining the levels of plasma miR-9 in 40 pre-and 3-month post-treatment paired samples, we found that plasma miR-9 level was significantly elevated in post-treatment plasma compared with those pre-treatment samples. This finding suggested that the plasma miR-9 level reflected tumour dynamics to some extent. Concerning monitoring cancer, in a representative patient with distant metastasis, re-reduction of plasma miR-9 level was found when metastasis occurred. Without further information on the origin of plasma miRNAs, any attempt to arrive at an appropriate understanding of the fluctuating miRNA pattern appears premature. One possible explanation is that some miRNAs might be released selectively from cancer cells to stroma and circulation (Ohshima et al, 2010; Pigati et al, 2010) , and another possible theory is that the plasma miRNAs might also be released from normal tissues by unknown mechanisms (Chen et al, 2008; Hunter et al, 2008) . We speculated that the elevated miR-9 levels after chemo-radiotherapy might be due to the damage of intact cells as a result of chemo-radiotherapy. Those cells might then release their content including nucleic acids in the surroundings and subsequently into the blood stream.
The presented study has several limitations, one being that we lack long-term clinical follow-up data of each patient, which currently limits the ability to explore the prognostic value of miR-9. An expanded patient cohort with long time follow-up will probably validate its prognostic effect. Another limitation is that The levels of miR-9 in 40 paired samples were examined by qRT-PCR. The levels of miR-9 in post-treatment plasma samples were higher than those pre-treatment in 92.5% of NPC patients. Each column showed the mean for triplicate experiments; bars, s.d. Marked high data were indicated by numerals and columns were abbreviated. (B) Box plots of plasma miR-9 levels in pre-and 3-month post-treatment paired samples. (C) Changes of the plasma miR-9 level in a typical patient. In one patient, who developed distance metastasis after treatment, re-reduction of plasma miR-9 level was found when distant metastasis occurred.
the results of this preliminary study with small sample size necessitate further confirmation in large prospective studies and the functional relevance of the newly identified miRNAs needs to be further clarified.
In conclusion, this study clearly demonstrated that miR-9 could be a useful blood-based biomarker for predicting NPC metastasis and monitoring tumour dynamics. This non-invasive blood-based biomarker could have great potential to predict the clinical behaviour of NPC and to monitor therapeutic response. Further prospective clinical trials should be carried out to define the benefit of the assay for each potential application.
